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Here, we present the results of continuum electrostatic calculations on a
dataset of 222 non-equivalent salt bridges derived from 36 non-homolo-
gous high-resolution monomeric protein crystal structures. Most of the
salt bridges in our dataset are stabilizing, regardless of whether they are
buried or exposed, isolated or networked, hydrogen bonded or non-
hydrogen bonded. One-third of the salt bridges in our dataset are buried
in the protein core, with the remainder exposed to the solvent. The differ-
ence in the dielectric properties of water versus the hydrophobic protein
interior cost buried salt bridges large desolvation penalties. However, the
electrostatic interactions both between the salt-bridging side-chains, and
between the salt bridges and charges in their protein surroundings, are
also stronger in the interior, due to the absence of solvent screening.
Even large desolvation penalties for burying salt bridges are frequently
more than compensated for, primarily by the electrostatic interactions
between the salt-bridging side-chains. In networked salt bridges both
types of electrostatic interactions, those between the salt-bridging side-
chains, and those between the salt bridge and its protein environment,
are of similar magnitudes. In particular, a major finding of this work is
that salt bridge geometry is a critical factor in determining salt bridge
stability. Salt bridges with favorable geometrical positioning of the inter-
acting side-chain charged groups are likely to be stabilizing anywhere in
the protein structure. We further find that most of the salt bridges are
formed between residues that are relatively near each other in the
sequence.
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Introduction

In folded proteins, pairs of neighboring, oppo-
sitely charged residues often interact to form salt
bridges. Salt bridges play important roles in pro-
tein structure and function such as in oligomeriza-
tion, molecular recognition, allosteric regulation,
domain motions, and o-helix capping (Perutz,
1970; Fersht, 1972; Barlow & Thornton, 1983;
Musafia et al., 1995; Xu et al., 1997a,b; Kumar et al.,
1999). Based on conventional biochemical intuition,
one would expect salt bridges to be stabilizing
towards the folded conformations of proteins. Yet
estimates of the electrostatic contribution to the
free energy change upon salt bridge formation
vary significantly. Experimental as well as theoreti-
cal estimates of the electrostatic free energy contri-
bution of the salt bridges range from being

stabilizing (Horovitz & Fersht, 1992; Marqusee &
Sauer, 1994; Pervushin et al., 1996; Lounnas &
Wade, 1997; Xu et al., 1997b), to being insignificant
(Singh, 1988; Serrano et al., 1990; Barril ef al., 1998),
to being destabilizing (Sun et al., 1991; Dao-pin
et al., 1991, Hendsch & Tidor, 1994; Waldburger
et al., 1995). Formation of buried salt bridges has
been proposed to be a slow step in protein folding
(Waldburger et al., 1996). An early calculation by
Honig & Hubbell (1984) estimated that the cost of
transferring a salt bridge from water to the protein
environment is approximately 10-16 kcal/mol.
Using continuum electrostatic calculations, it has
been shown that the desolvation penalty due to
the burial of polar and charged groups in the pro-
tein interior (a low dielectric environment) during
protein folding, may not be fully recovered by
favorable electrostatic interactions in the folded
state (Hendsch & Tidor, 1994). Experimental sup-
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port for this notion is also available (Waldburger
et al., 1995). However, based on continuum electro-
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static calculations, highly stabilizing salt bridges
have been reported both within protein monomers
(Lounnas & Wade, 1997) and across subunit inter-
faces (Xu et al., 1997b). Using site directed muta-
genesis, Kawamura et al. (1997) have shown that
disruption of the Glu34-Lys38 salt bridge in a
DNA-binding protein, HU from Bacillus stearother-
mophilus, reduced its thermal stability. Introduction
of this salt bridge into a homologous HU from the
mesophile Bacillus subtilis, increased the stability of
the protein. It has been consistently observed that
salt bridges are more frequent in proteins from
thermophiles as compared to those from meso-
philes (Yip et al., 1998; Kumar et al., 1999). Theor-
etical studies on individual or on a small number
of proteins have suggested that salt bridges may
contribute substantially to protein stability in ther-
mophiles (Kumar et al., 1999; Elcock, 1998). Exper-
imentally, surface salt bridges have been shown to
stabilize the GCN4 leucine zipper (Spek et al.,
1998).

Here, our goals were twofold. First, we wanted
to determine whether there are general trends in
the electrostatic contributions to the free energy
change upon salt bridge formation, second, we
examined the factors contributing to salt bridge
stability. These factors include the location of the
bridge in the protein; the positioning of the
charged groups of the residues forming the salt
bridge with respect to each other; and the chemical
nature of neighboring residues and the homogen-
eity of the protein matrix around the salt bridge.
Residues involved in surface salt bridges are
expected to pay lower desolvation energy penalties
as compared to those involved in buried salt
bridges (Hendsch & Tidor, 1994). The interactions
between charged groups in the salt-bridging resi-
dues can be sensitive to distance and to angular
orientation of the charged groups with respect to
each other. The electrostatic stability of the bridge
may also be affected by the presence of other
charged residues in its vicinity. Neighboring
charged groups may interact with the salt bridge if
they are close enough in space. In such a case,
stabilizing salt bridge networks may be formed
as in hyperthermophilic glutamate dehydr-
genase (Kumar et al., 1999). At the same time, the
presence of these charges may increase the effec-
tive local dielectric constant, providing electrostatic
screening.

Below we describe results obtained from conti-
nuum electrostatic energy calculations performed
on 222 non-equivalent salt bridges derived from 36
monomeric  proteins  with  non-homologous
sequences and structures. Three-dimensional struc-
tures of these proteins have been solved to high
resolution (1.6 A or better) by X-ray crystallogra-
phy and are available in the protein data bank
(PDB) (Bernstein et al., 1977). In particular, these
proteins are biologically active as monomers. Fur-
thermore, we present a general statistical survey of
the characteristics of the salt bridges. The majority
of the salt bridges are exposed; approximately one

third of the salt bridges in the dataset are buried in
the protein core.

Salt bridges can be stabilizing or destabilizing.
Most of the salt bridges in our dataset are stabiliz-
ing. Salt bridges with good geometries, with favor-
able positioning of the interacting charged groups
with respect to each other, are likely to be stabiliz-
ing, regardless of their location in the protein struc-
ture. Our extensive, large-scale analysis finds that
the majority of the salt bridges are local in
sequence, consistent with the hierarchical model
for protein folding (Baldwin & Rose, 1999; Tsai
et al., 1999).

Results and Discussion

General properties of salt bridges in
monomeric proteins

Our dataset includes 36 high-resolution proteins.
They are non-homologous structure and sequence-
wise. In solution, all are biologically active as
monomers. Salt bridge formation is inferred for a
pair of oppositely charged residues (Asp or Glu
with Arg, Lys or His) if they meet the following
criteria: (i) The centroids of the side-chain charged
groups in oppositely charged residues lie within
4.0 A of each other (Barlow & Thornton, 1983); and
(ii) at least one pair of Asp or Glu side-chain car-
boxyl oxygen atoms and side-chain nitrogen atoms
of Arg, Lys or His are within a 4.0 A distance.

Side-chain charged group centroids are com-
puted using the coordinates of only the heavy
atoms.

These criteria ensure selection of salt bridges
with “good” geometries in our database. Using
these criteria, we have selected a database of 222
non-equivalent salt bridges from the 36 non-hom-
ologous monomeric proteins. We observe that the
number of salt bridges increases with the number
of residues in proteins (data not shown). Most of
the salt bridges are formed between sequentially
close residues. This is illustrated in Figure 1, which
plots the number of salt bridges against the num-
ber of amino acid residues separating the salt-brid-
ging residues. This observation is in agreement
with the hierarchical model of protein folding
(Baldwin & Rose, 1999; Tsai et al., 1999). Further-
more, residues forming salt bridges tend to cluster
in helical and strand regions of the Ramachandran
map (data not shown). We have next divided the
database of 222 salt bridges into different classes
according to their locations, i.e. buried or exposed,
networked or isolated, and with respect to the pre-
sence or absence of hydrogen bonds.

The location of residues forming salt bridges is
characterized in terms of the solvent accessible sur-
face areas (ASA) (Lee & Richards, 1971; Tsai &
Nussinov, 1997) of their constituent residues, with
a probe radius of 1.4 A. The location of a salt
bridge in the protein is estimated by the average
ASA of the salt bridge. The average ASA of a salt
bridge is average of the ASAs of the two salt-
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Figure 1. A histogram showing the number of salt bridges with respect to the number of intervening residues. The
number of intervening residues (NI, along the X-axis) is the number of residues separating the two salt-bridging resi-
dues in the amino acid sequence of the proteins. The number of salt bridges (NS) is plotted along the Y-axis. Oppo-
sitely charged residues sequentially near each other form salt bridges with much greater frequency than residues that

are sequentially far apart.

bridging residues. A salt bridge is classified as
being buried in the protein core if it has an average
ASA of <20%, otherwise it is classified as being
exposed to the solvent. In our dataset, 66 out of the
222 (30 %) salt bridges are buried, with the remain-
der 156 being exposed. Side-chains of charged
amino acids, especially those of Arg and Lys, con-
tain hydrophobic parts. The distribution of the salt
bridges with respect to their locations may reflect a
competition between the hydrophilic/charged
functional groups and the hydrophobic parts of
these side-chains. In the dataset, there are six types
of residue pairs in the salt bridges: Lys-Asp, Lys-
Glu, Arg-Asp, Arg-Glu, His-Asp and His-Glu. All
but four salt bridges in our dataset contain either
Lys or Arg. A change in proportion test (Kumar &
Bansal, 1998) indicates that the decrease in pro-
portions of Lys-Asp and Lys-Glu pairs in buried
salt bridges is highly significant. The increase in

the proportion of the Arg-Asp pair in buried salt
bridges is also highly significant. Hence, buried
salt bridges prefer Arg over Lys, while exposed
salt bridges prefer Lys over Arg. No such discrimi-
nation is observed in the database with respect to
the negatively charged residues, Asp and Glu. The
above observations are consistent with an earlier
analysis of the residue composition in the interior
of proteins as compared to that in protein-protein
interfaces (Tsai et al., 1997). This analysis, con-
ducted in our laboratory, had shown that a much
larger proportion of Arg is buried in the protein
interior as compared to Lys. The difference in the
proportions of Glu and Asp that are buried in the
protein interior is not as large (Tsai et al., 1997).

A salt bridge between two charged residues is
considered to be networked if at least one of these
charged residues forms additional salt bridge(s)
with other charged residue(s) in the protein. Other-
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wise, the salt bridge is considered to be isolated. A
total of 205 out of the 222 (92 %) salt bridges are
isolated. The remaining 17 salt bridges are part of
four triads and three tetrads salt bridge networks.
The geometry of a salt bridge is characterized in
terms of the distance between the centroids of the
salt-bridging residue side-chain charged groups,
and the angular orientation of these groups with
respect to each other. The angular orientation of
the side-chain charged groups in the two salt-brid-
ging residues is computed as the angle between
two unit vectors. Each unit vector joins a C* atom
and a side-chain charged group centroid in a salt-
bridging residue. As described above, our criteria
ensure good geometries of the salt bridges in our
database. Consequently, 191 (86 %) salt bridges in
our database contain at least one side-chain to
side-chain hydrogen bond. A hydrogen-bonded
salt bridge is identified by the presence of at least
one pair of side-chain charged group atoms, with
opposite partial charges, within a 3.5 A distance.

Continuum electrostatic calculations of salt
bridge energetics

Understanding the electrostatic properties of a
protein in aqueous solution requires an accurate
description of the solute (protein), the solvent
(water) and the interaction between them. Conti-
nuum methods, based on classical electrostatics,
model solute molecules in atomic detail, but treat
the solvent in terms of average (bulk) properties.
In recent years these methods have been widely
used as quantitative tools that provide an accurate
description of electrical potentials, pH-dependent
properties of proteins and solvation free energies
of organic molecules (Honig & Nicholls, 1995).
Computations of the electrostatic contributions to
free energy change upon salt bridge formation,
using continuum electrostatic calculations, have
already been performed (Hendsch & Tidor, 1994;
Lounnas & Wade, 1997; Xu et al., 1997b; Elcock,
1998; Kumar et al., 1999; Xiao & Honig, 1999).
We have essentially followed the computational
method by Hendsch & Tidor (1994). This method
calculates the free energy of a salt bridge relative
to computer mutations of the salt-bridging residue
side-chains to their hydrophobic isosteres. The
hydrophobic isosteres are the salt-bridging residue
side-chains with their partial atomic charges set to
zero. This method has been widely used in the lit-
erature (Hendsch & Tidor, 1994; Lounnas & Wade,
1997; Xu et al., 1997b; Barril et al., 1998; Xiao &
Honig, 1999). Predictions made from calculations
using this method have also been experimentally
verified (Waldburger et al., 1995, 1996). The electro-
static contribution to free energy change upon salt
bridge formation in a protein can be partitioned
into three component terms: (i) AAGy,, represents
the sum of the unfavorable desolvation penalties
incurred by the individual salt-bridging residues
due to the change in their environment from a
high dielectric solvent (water) in the unfolded

state, to the low dielectric protein interior in the
folded state of the protein. (ii) AAGy,4 represents
the favorable bridge energy due to the electrostatic
interaction of the side-chain charged groups with
each other in the folded state of the protein. (iii)
AAG,,, represents the electrostatic interaction
of the salt-bridging side-chains with the charges
in the rest of the protein in the folded state of the
protein.

The total electrostatic contribution to the free
energy change upon formation of a salt bridge,
AAG,,, is the sum of the three components:

AAGtot = AAGdslv + AAGbrd + AAGprt

The association energy, AAG,y,. takes into
account the desolvation of the salt bridge and the
electrostatic interaction between the salt-bridging
side-chains, but does not consider the electrostatic
interaction of the salt bridge with the rest of the
protein. Hence, it represents the electrostatic contri-
bution to the free energy change upon salt bridge
formation in the absence of charges in the rest of
the protein (Hendsch & Tidor, 1994).

While overall the methodologies employed in
the present study and in the study by Hendsch &
Tidor (1994) are similar, there are a few variations
in the actual protocols that are followed. For
example, we have used the PARSE parameter set
(Sitkoff et al., 1994) to assign partial atomic charges.
Further, we have added all the hydrogen atoms to
the protein. However, these variations do not con-
tribute to any significant differences in the various
free energy terms. The Materials and Methods
details the similarities and the differences between
the Hendsch & Tidor procedure and our protocol.

Observations on all 222 salt bridges

The calculated electrostatic free energies for all
222 salt bridges are presented in the Supplemen-
tary Material. On average, salt bridges incur a de-
solvation penalty AAGy,, of +6.5(£5.5) kcal/mol.
This penalty is paid almost entirely by the bridge
energy term AAG,y with an average of
—6.3(+4.4) kcal/mol. The electrostatic interaction
of a salt bridge with the rest of the protein AAG,,
is, on average, stabilizing by —3.9(+ 4.4) kcal/mol.
The association energy AAG,, averages at
—3.6(£2.6) kcal/mol. The profiles of various
energy terms in the 222 salt bridges are shown in
Figure 2(a). An overwhelming majority of the salt
bridges in our database are stabilizing: 190 out of
the 222 (85.6%). The remaining 32 (14.4%) salt
bridges are destabilizing. The average AAG, is
—3.7(£3.9) kcal/mol. In general, a favorable bridge
energy term appears to be the dominant factor in
neutralizing the incurred unfavorable desolvation
energy penalty. A favorable interaction of the salt-
bridging side-chains with the rest of the protein,
ie. the protein energy term, assists the bridge
energy term to overcome the desolvation energy
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penalty, making the salt bridge stabilizing. Interest-
ingly, the protein energy term AAG,,, is destabiliz-
ing for 25 out of 222 (11.3%) salt bridges.
However, the average destabilization is only
+0.9(£1.3) kcal/mol, with a range of +0.03 to
+4.8 kcal/mol. A total of 12 out of the 25 bridges
are still stabilizing. The main reason for the
remaining 13 salt bridges to be destabilizing is the
inability of their respective bridge energy terms to
compensate for the desolvation penalties. This
trend is consistent with that observed for the other
19 (out of 32) destabilizing salt bridges. Hence, salt
bridge stability is largely governed by the desolva-
tion penalty and the bridge energy. The electro-
static interaction of the salt bridge with its protein
environment is of secondary importance. Excep-
tions to this rule are observed for the networked
salt bridges.

The energy terms for the 222 salt bridges are
plotted against the average ASAs of the salt
bridges in Figure 2(b). The desolvation energy pen-
alty decreases substantially with the increase in the
average ASA of the bridges. This is consistent with
previous studies that indicated an increased deso-
lvation penalty for buried salt bridges (Hendsch &
Tidor, 1994; Honig & Hubell, 1984). Here, we
investigate further the nature of this relationship
between salt bridge burial and the desolvation
energy penalty. Figure 2(c) presents the linear
regression between AAG,,, and the average ASA,
and between log(AAG,,,) and the average ASA.
The square of the linear regression coefficient
yields a slightly better regression between
log(AAGy,,) and the average ASA. The root-
mean-squared deviation (r.m.s.d.) in this case is
0.52. Hence, the data appear more consistent with
an exponential relationship between the desolva-
tion penalty and the average ASA.

This relationship can be written as follows:

log(AAGgsy) = —0.0465018ASA,, + 2.89433

where AAGy, is in kcal/mol and ASA,, is in %.
The high linear correlation coefficient (r* = 0.69)
and the low rm.s.d., suggest that the location of

the salt bridge in the protein may largely deter-
mine its desolvation penalty. Figure 2(b) shows
that the desolvation energy penalty tends to shoot
up for salt bridges with an average ASA below
20 %, i.e. for buried salt bridges.

Figure 2(b) also illustrates the dependence of the
bridge and protein energy terms on the average
ASA of the salt bridges. In general, buried salt
bridges tend to have stronger bridge and protein
energy terms. However, the trends for the bridge
and protein energy terms are not as clear cut as in
the case of the desolvation energy penalty. The
dependence of the bridge and protein energy terms
on the average ASA illustrates the effect of the
local environment around the salt bridge on the
interaction between the side-chains in the salt
bridge, and the interaction of the salt bridge with
the rest of the protein. Buried salt bridges are likely
to be surrounded by a more hydrophobic environ-
ment. Such an environment will have a low effec-
tive dielectric constant. Hence, electrostatic
interactions both between the bridge side-chains,
and with neighboring charges are not solvent
screened. On the other hand, in exposed salt
bridges, the local environment is likely to be more
polar and hence will have a higher effective dielec-
tric constant. The high effective dielectric constant
medium can effectively screen such interactions. A
weak trend is also observed between the total free
energy of a salt bridge and its average ASA. Buried
salt bridges tend to be more stabilizing than
exposed ones. However, there is a large scatter in
the data. The association energy for the salt bridges
AAG, 4. is favorable for the 222 salt bridges (see
Figure 2(a) and (b)), and does not vary much with
the average ASAs.

Below we compare and analyze salt bridge ener-
getics in various categories of the dataset.

Stabilizing and destabilizing salt bridges

A total of 190 (85.6 %) out of the 222 salt bridges
in our database are stabilizing. Table 1 presents the
average values for the energy terms for stabilizing

Table 1. Average energy terms in various salt bridge categories

Salt bridge class AAGyy, (kcal/mol)  AAGq4 (kcal/mol)  AAG,, (kcal/mol)  AAG (kcal/mol)  AAG,. (kcal/mol)
All +6.54 + 5.48 —6.34 £4.38 —3.86 £4.35 —3.66 £3.86 —3.64 £2.63
Stable +6.39 +5.38 —6.60 £4.32 —4.40 £4.37 —4.61 £3.21 —3.88 £ 2.67
Destable +7.44 + 6.06 —4.76 £ 4.45 —0.69 £ 2.53 +1.99 £2.17 —222+1.85
Buried +12.89 +5.59 —10.17 £ 4.58 —7.26 £5.46 —4.53 £5.13 —4.37 £ 2.66
Exposed +3.85+£228 —4.71 £3.11 —243+£275 —-3.29 £3.11 —3.33 £2.56
Isolated +6.37 + 5.47 —6.30 £4.46 —3.56 £4.21 —3.48 £3.92 —3.66 £2.70
Networked +8.58 +5.17 —6.82 £ 3.37 —7.57 £4.52 —5.81 £2.10 —3.40 £ 1.64
H-bonded +6.67 £ 5.50 —6.64 +4.48 —3.82+4.15 —3.79 £3.89 —3.83 £2.68
No H-bonds +5.74 £ 5.34 —4.46 £3.19 —4.14 £5.51 —2.87 £3.60 —2.45+1.99

All, whole dataset of 222 salt bridges; Stable, 190 salt bridges with AAG,, <0 kcal/mol; Destable, 32 salt bridges with

AAG,, > 0 kcal/mol; Buried, 66 salt bridges with average ASA of <20 %; Exposed, 156 salt bridges with average ASA of >20 %; Iso-
lated, 205 salt bridges that do not form part of salt bridge networks; Networked, 17 salt bridges that participate in salt bridge net-
works; H-bonded, 191 salt bridges containing at least one hydrogen bond between side-chain charged groups; and No H-bonds, 31
salt bridges that do not contain any hydrogen bond between their side-chain charged groups.
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and destabilizing salt bridges. In the destabilizing
salt bridges, the unfavorable desolvation energy is
approximately 1 kcal/mol higher than that in the
stabilizing bridges. The bridge energy term is
weaker by about 2 kcal/mol and the protein
energy term is reduced by about 4 kcal/mol
(Table 1). These three factors combine to render
these salt bridges to be, on average, destabilizing
by 2 kcal/mol. As noted above, 13 out of the 32
destabilizing salt bridges contain a destabilizing
protein term as well.

Table 2A shows that 55 out of the 190 (29 %) sta-
bilizing salt bridges are buried, 135 (71%) are
exposed. These proportions are very similar to
those for all 222 salt bridges; 34 % (11 x 100/32) of
the destabilizing salt bridges are buried. This indi-
cates only a marginal tendency for a larger pro-

portion of the destabilizing salt bridges to be
buried. Based on previous work (Hendsch & Tidor,
1994; Waldburger et al., 1995, 1996) we would have
expected to observe a stronger tendency for the
destabilizing salt bridges to be buried. However,
burial is not the only criteria for salt bridge stab-
ility. Our results indicate that the geometry of a
salt bridge should also be considered, since the
desolvation penalty is mostly compensated by the
bridge energy term. In their continuum electro-
static analysis, Hendsch & Tidor (1994) have used
salt bridges from experimentally well-studied pro-
teins. Unlike in our studies here, no geometrical
criteria were considered in the selection and assess-
ment of their dataset of salt bridges. Upon examin-
ation of the geometries of their salt bridges, we
find that the side-chain centroid distances in their
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salt bridges range between 3.1 A and 5.8 A, with
the majority being greater than 4.0 A. Hence, most
of the salt bridges in their dataset, are not within
the 4.0 A range that we allow. In general, salt
bridges with side-chains far apart have weaker
bridge energy terms as compared to those with clo-
ser side-chains. Weak bridge energy terms are
unable to compensate for the desolvation penalties,
rendering most of the salt bridges in the Hendsch
& Tidor dataset destabilizing. We note that our
stricter geometrical criteria in identifying and
selecting salt bridges, reject bridges with poor
interaction between the charged groups of the
side-chains. The procedure to which we adhere
throughout this work is likely to lead to filtering

out salt bridges with poor geometries from our
dataset.

Buried and exposed salt bridges

Buried salt bridges in protein structures have
often been thought to be destabilizing (Honig &
Hubell, 1984; Dao-pin, 1991; Hendsch & Tidor,
1994; Waldburger et al., 1995). Exceptions have
been noted by Lounnas & Wade (1997) for the
cytochrome P-450 cam. Table 1 shows that buried
salt bridges indeed pay a high desolvation penalty.
The average AAGy, for the 66 buried salt bridges
is +12.9(£5.6) kcal/mol. This large desolvation
penalty is offset by the large bridge and protein
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Figure 2. Energetic analysis of 222 salt bridges. (a) Histograms showing profiles for various energy terms for the 222
salt bridges and for the average accessible surface area (ASA) for the salt bridges. Quantities marked by energy terms
along the X-axes of the histograms are explained in the text. The Y-axis in each histogram indicates the number of salt
bridges. The X-axis for the histogram in the lower-most right-hand diagram in the panel indicates average ASA of the
salt-bridging residues, instead of an energy term. Most of the salt bridges in our dataset are stabilizing. The protein
energy term can be destabilizing in some cases. The association energy, AAG,,,. is always stabilizing for the salt
bridges. (b) The variation of the energy terms (Y-axis) with respect to the average ASA (X-axis) of the salt bridges. The
lower-most right diagram plots the accessible surface areas (ASA) for the residues in the salt bridges. The overall stab-
ility of the salt bridges, AAG,,, shows a weak dependence on location of the salt bridges in the protein. AAG,4 and
AAG,,, tend to be less stabilizing as the average ASA increases. Thus, these terms tend to have greater stabilization for
buried salt bridges than exposed bridges. AAGy,, tends to decrease with average ASA, i.e. buried salt bridges pay
higher desolvation penalties than the exposed salt bridges. AAGg, shows the strongest trend with average ASA of the
salt bridges. (c) Two possible relationships between AAGy,, and the average ASA that appear to be most consistent
with the data. In each plot, (-) symbols indicate actual data points and a best fit line is shown for the variables on the X
and Y-axes. (i) Linear relationship between AAGg, (Y-axis) and ASA,, (X-axis). The square of the correlation coefficient
(%) is 0.65 and the root-mean-square deviation (r.m.s.d.) of the observed points from the best fit line is 3.23. (ii) Linear
relationship between log(AAGg,) (Y-axis) and ASA,, (X-axis). The square of the correlation coefficient (%) is 0.69 and
the r.m.s.d. of the observed points from the best fit line is 0.52. The logarithmic relationship is more consistent with the
data.
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Table 2. Salt bridge distributions in monomeric proteins.

A. Buried and exposed salt bridges in various salt bridge categories

Salt bridge class Buried Exposed Total
All 66 (29.7 %) 156 (70.3 %) 222
Stable 55 (28.9 %) 135 (71.1 %) 190
Destable 11 (34.4%) 21 (65.6 %) 32
Isolated 60 (29.3 %) 145 (70.7 %) 205
Networked 6 (35.3 %) 11 (64.7 %) 17
H-bonded 59 (30.9 %) 132 (69.1 %) 191
No H-bonds 7 (22.6 %) 24 (77.4 %) 31
B. Stable and destable salt bridges in various salt bridge categories

Salt bridge class Stable Destable Total
All 190 (85.6 %) 32 (14.4 %) 222
Buried 55 (83.3 %) 11 (16.7 %) 66
Exposed 135 (86.5 %) 21 (13.5%) 156
Isolated 173 (84.4 %) 32 (15.6 %) 205
Networked 17 (100.0 %) 0 (0.0%) 17
H-bonded 166 (86.9 %) 25 (13.1%) 191
No H-bonds 24 (77.4 %) 7 (22.6 %) 31

The various salt bridge classes are explained in the legend to Table 1. Numbers in parentheses indicate percentages, and those out-
side indicate the number of salt bridges. In each row the percentages add up to 100 %.

energy terms. The average AAG,, for the buried
salt bridges is —10.2(%4.6) kcal/mol and the aver-
age AAG,, is —7.3(£5.5) kcal/mol. This makes
the buried salt bridges in our database mostly
stabilizing, with the average AAG,, being
—4.5(£5.1) kcal/mol (Table 1). Large standard
deviations over the mean values indicate a wide
scatter in the data, as seen in Figure 2(b). On aver-
age, exposed salt bridges pay substantially smaller
desolvation penalties. The average AAGgy, for the
156 exposed salt bridges is +3.8(%2.3) kcal/mol.
This small desolvation penalty is overcome by the
correspondingly smaller bridge and protein energy
terms. The average AAG,, for the exposed salt
bridges is —4.7(£3.1) kcal/mol and the average
AAG, is —2.4(£2.75) kcal/mol. This makes the
exposed salt bridges in our database largely stabi-
lizing, with the average AAG,, —3.3(£3.1) kcal/
mol. Taken together, these results indicate that in
our dataset buried salt bridges are slightly more
stabilizing than exposed ones. The average differ-
ence in stability is ~1.2 kcal/mol. However, this
result should be treated with caution due to a large
scatter in the data (Table 1 and Figure 2(b)). The
association energies of buried and exposed salt
bridges show similar trends. The average AAG, 4.
for buried salt bridges is —4.4(+2.7) kcal/mol,
while that for an exposed salt bridge is
—3.3(£2.6) kcal/mol.

Our database contains 17 networked salt
bridges. Six of these are buried (Table 2A). Based
on uniform distribution of the networked salt
bridges over the whole average ASA range, we
would expect five (66 x 17/222) networked salt
bridges to be buried. Hence, networking is not
responsible for the larger magnitude of the protein
energy term for the buried salt bridges. There can
be two alternative reasons for the above obser-
vations. First, the electrostatic interactions between
salt-bridging side-chains and their protein environ-
ment face reduced solvent screening in the interior

of the protein. This argument is similar for both
protein and bridge energy terms and has been
already noted above. Second, charges present in
the neighborhood of buried salt bridges may have
favorable electrostatic interactions with the buried
bridges.

Isolated and networked salt bridges

As mentioned earlier, our database has only 17
(8 %) networked salt bridges. The remaining 205
are isolated salt bridges. Table 1 shows that isol-
ated and networked salt bridges pay similar deso-
lvation penalties, which are almost neutralized by
similar bridge energy terms. However, the average
protein energy term of the networked salt bridges
is more than double that of the isolated salt
bridges. Networked salt bridges have an average
AAG,,, of —7.6(+4.5) kcal/mol, while isolated salt
bridges have an average AAG,, of
—3.6(+4.2) kcal/mol. This increase in the protein
energy term for the networked salt bridges is
responsible for their greater electrostatic stability.
The average AAG,, for the networked salt bridges
is —5.8(£2.1) kcal/mol. The average AAG,, for the
isolated salt bridges is —3.5(%3.9) kcal/mol. In the
networked salt bridges the protein energy term is
similar in magnitude to the bridge energy term.
Thus, here the electrostatic interaction of the salt
bridge with its protein neighborhood is no longer
of secondary importance.

Consistently, we have also observed that the salt
bridges in glutamate dehydrogenase (GDH) from
the hyperthermophilic archaeon Pyrococcus furiosus
have larger stabilities than those in glutamate
dehydrogenase from the mesophile Clostridium
symbiosum (Kumar et al., 1999). The thermophilic
GDH contains a larger number of salt bridges, and
most of these are networked. Salt bridges in the
thermophilic GDH also have a large protein energy
term, similar in magnitude to the bridge energy
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term (Kumar et al., 1999). Thus, the increased fre-
quency of salt bridges and their networks can
enhance the stability of a protein. Recently,
deBakker et al. (1999) have also observed similar
trends in a molecular dynamics study of Sulfolobus
acidocaldarius Sac7d protein. Recent electrostatic
calculations by Xiao & Honig (1999) are consistent
with these arguments.

Table 2B shows that all the 17 networked salt
bridges are stabilizing. In comparison, 173 (84 %)
of the isolated salt bridges are stabilizing. Since the
number of networked salt bridges in our dataset is
small, we cannot draw a conclusion that all net-
worked salt bridges in proteins are stabilizing.
Nevertheless, it is clear that the majority of the net-
worked salt bridges are stabilizing.

Hydrogen bonded and non-hydrogen bonded
salt bridges

Our present study treats both hydrogen bonded
and non-hydrogen bonded salt bridges as purely
electrostatic interactions. We do not include a
hydrogen bonding energy term in our model. The
distinction between the salt bridges that contain
side-chain to side-chain hydrogen bonds and those
which do not contain such hydrogen bonds is
based solely on geometrical considerations. Hence,
the hydrogen bonded salt bridges can also be con-
sidered as short range salt bridges.

A total of 191 out of 222 (86 %) salt bridges in
our dataset contain at least one hydrogen bond
between their side-chains. A hydrogen bond is
inferred if a pair of side-chain nitrogen and oxygen
atoms in the two residues is within a 3.5 A dis-
tance. The remaining 31 salt bridges do not contain
any hydrogen bond. On average, the hydrogen
bonded salt bridges are more stabilizing as com-
pared to the non-hydrogen bonded salt bridges.
The hydrogen bonded salt bridges have average
AAG, of —3.8(£3.9) kcal/mol, whereas average
AAG,, for the non-hydrogen bonded salt bridges
is —2.9(%3.6) kcal/mol. Charged groups forming a
salt bridge can interact more effectively if they are
hydrogen bonded because the oppositely charged
atoms are closer to one another. Consequently,
hydrogen bonded salt bridges have stronger bridge
energy terms. The average AAG, 4 for the hydro-
gen bonded salt bridges is —6.6(4+4.5) kcal/mol,
while that for the non-hydrogen bonded salt
bridges is —4.5(%3.2) kcal/mol.

The distributions of the hydrogen bonded salt
bridges are as expected from the whole data-
base. A total of 59 (31%) of the hydrogen
bonded salt bridges are buried and 132 (69 %)
are exposed. Table 2B shows that 166 out of the
191 (87 %) hydrogen bonded salt bridges are sta-
bilizing and the remaining 25 are destabilizing.
On the other hand, the non-hydrogen bonded
salt bridges deviate from the expected distri-
butions. Though large in proportions, these devi-
ations are not statistically significant. Seven
(23 %) non-hydrogen bonded salt bridges are

buried and the remaining 24 are exposed
(Table 2A). Based on a uniform distribution of
the non-hydrogen bonded salt bridges with
respect to their location in the protein, we
would expect nine non-hydrogen bonded salt
bridges to be buried and the remaining 22 to be
exposed. A total of 24 (77%) non-hydrogen
bonded salt bridges are stabilizing and seven are
destabilizing. Again, if the distribution of non-
hydrogen bonded salt bridges were uniform
with respect to stability, we would expect 27
non-hydrogen bonded salt bridges to be stabiliz-
ing and four to be destabilizing. Thus, non-
hydrogen bonded salt bridges contain a greater
than expected proportion of destabilizing salt
bridges. Atoms with opposite partial charges in
the side-chain charged groups of the non-hydro-
gen bonded salt bridges are farther apart as
compared to those in the hydrogen bonded salt
bridges. Hence, an increased proportion of the
destabilizing salt bridges can be rationalized. We
note that non-hydrogen bonded salt bridges still
have at least one pair of atoms with opposite
partial charges within a 4.0 A distance. A larger
proportion of salt bridges with atoms bearing
opposite partial charges farther apart (>4.0 A),
will be destabilizing. Such residue pairs are
eliminated from our database.

Interesting individual salt bridges

Above, we have provided a description of the
average properties of the salt bridges in their
different categories. Here, we pick specific interest-
ing salt bridges. We discuss three examples: two
salt bridges are highly buried in the protein core.
The electrostatic interaction between their respect-
ive salt-bridging charged groups, as well as their
surroundings differ, making one salt bridge the
most stabilizing and the other the most destabiliz-
ing in our dataset. The third salt bridge pays
almost no desolvation cost. This salt bridge resides
on the surface, almost completely exposed to the
solvent. The electrostatic interactions in this case
are strongly screened by water. The net result is a
stabilizing salt bridge. These salt bridges are
shown in Figure 3.

The most stabilizing salt bridge

The most stabilizing salt bridge in our database
is formed by residues Glu27 and Arg387 in
the human salivary o-amylase (PDB code: 1smd).
The calculated AAG,, for this salt bridge is
—22.4 kcal/mol. This is an isolated and highly bur-
ied bridge, with an average ASA of 1.37%. Due
to its highly buried nature, this salt bridge pays a
high desolvation penalty, AAGgg,, of +20.7 kcal/
mol. However, this desolvation penalty is easily
paid off by equally high bridge and protein energy
terms. The calculated AAG,,4 for this salt bridge is
—18.2 kcal/mol and AAG,, is —24.9 kcal/mol.
The charged groups in Glu27 and Arg387 interact
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R387

Figure 3. Interesting salt bridges in our database. (a) The most stabilizing salt bridge in our database is formed by
E27 and R387 in human salivary a-amylase (PDB code 1smd). The salt bridge has excellent geometry. Three hydrogen
bonds (two of them strong) are formed between side-chain charged groups. This salt bridge is buried in the protein
core and pays high desolvation penalty. However, this penalty is easily paid off by large bridge and protein terms.
(b) The most destabilizing salt bridge in our database is formed by D96 and R195 also in human salivary a-amylase
(PDB code 1smd). The salt bridge has very good geometry. It contains a bifurcated hydrogen bond and, hence, has
large bridge energy. This salt bridge is also buried in the protein core and pays high desolvation penalty. However,
this penalty is not paid off by the bridge energy term. The protein energy term is destabilizing for this salt bridge. (c)
A salt bridge that pays almost no desolvation penalty. This salt bridge is formed by Glu29 and Lys33 in Streptococcal
protein G (PDB code ligd). It is almost completely exposed to the solvent and has minimal interaction with the rest
of the protein. The protein energy term is also negligible. The salt bridge has good geometry and contains a strong
hydrogen bond. This bridging electrostatic interaction is strongly screened by the solvent. In spite of this, the salt
bridge is stabilizing.

strongly with each other as well as with
their environment. The side-chain charged group
centroids are 3.71 A apart. The angle between the
vectors that join the C* atoms and the side-chain

charged group centroids is 46.3°, resulting in a
very good bridge geometry. The side-chain car-
boxyl oxygen atoms in Glu27 form three hydrogen
bonds (two of which are strong) with the side-
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chain nitrogen atoms in the guanidium group of
Arg387 (Figure 3(a)). A few atoms with net partial
charges are present within 4 A of this salt bridge.
Guanidium group nitrogens N* and N"* of Arg30
are close to the Glu27 side-chain carboxyl oxygen
O, and the backbone carboxyl oxygen atom of
Thr376 is close to the guanidium nitrogen atoms
N¢ and N™ of Arg387. The association energy for
this bridge, AAG,i. is also high (—10.8 kcal/
mol). Based on the above observations, we would
expect the stability of the protein to decrease if this
salt bridge is disrupted.

The most destabilizing salt bridge

The most destabilizing salt bridge in our data-
base is again from the human salivary a-amylase
(PDB code: 1smd). This salt bridge is formed
between residues Asp96 and Argl95. The calcu-
lated AAG, for this salt bridge is +10.6 kcal/mol.
This salt bridge is also isolated and extremely bur-
ied with average ASA 0.04%. Due to its burial, it
also pays a high desolvation penalty, AAGgg,, of
+21.8 kcal/mol. However, this penalty is not
recovered by the bridge energy term. As in the pre-
vious example, this salt bridge is also hydrogen
bonded, but it does not have as good a geometry
as in the previous case. The side-chain charged
group centroids are 3.98 A apart. The angle
between the vectors that join the C* atoms and the
side-chain charged group centroids of Asp96 and
Argl95 is 165.7°. Nevertheless, the side-chain car-
boxyl oxygen atoms O and O% in Asp96 form a
bifurcated hydrogen bond with the side-chain
nitrogen atom N"' in the guanidium group of
Argl95 (Figure 3(b)), resulting in a highly favor-
able bridge energy term, AAG,  of —12.3 kcal/
mol. Still, it leaves a large difference of 9.5 kcal to
be overcome by the protein energy term. This
would require a strong favorable electrostatic inter-
action between the salt bridge and the rest of the
protein. Instead, the interaction of the charged
groups of the bridge with the rest of the protein is
slightly destabilizing (AAG,, =+ 1.1 kcal/mol).
Several atoms with partial Charges are within 4 A
distance from this bridge. The backbone nitrogen
atom of Ala97 is near the side-chain O°! atom of

f% The O° atom of Asp197, and the O and

atoms of Glu233 surround the guanidium
group nitrogen atoms N and N"? of Arg195. The
presence of a large number of charges can also
have an adverse effect of causing repulsions and
increasing the local effective dielectric of the sur-
roundings. The association energy, AAG,q,. is
—3.2 kcal/mol. One would expect the stability
of the protein to increase if this salt bridge is
disrupted.

The above examples illustrate two extremes of
salt bridges buried deep in the protein core, with
practically almost no access of water. Both bridges
pay very high desolvation energy costs. However,
the substantially different strengths of the inter-
actions, determined by the local positioning of the

residues in the salt bridges and those around them,
produce opposite results.

A salt bridge that pays almost no
desolvation cost

The salt bridge formed by Glu29 and Lys33 in
IgG-binding protein domain of Streptococcal protein
G (PDB code: ligd) pays a very small desolvation
cost (AAGgq, = + 0.3 kcal/mol). This salt bridge is
shown in Figure 3(c). This salt bridge is highly
exposed with average ASA of 61.9 %. Hence, there
is not much change in the surroundings of its
charged groups from the unfolded to the folded
state of the protein. The salt bridge is stabilizing,
with calculated AAG,, of —3.8 kcal/mol. The
small desolvation penalty, and even smaller unfa-
vorable protein energy term (AAG,,, = + 0.1 kcal/
mol) are easily overcome by the bridge energy
term (AAGy,q = — 4.2 kcal/mol). This salt bridge is
isolated and contains a hydrogen bond. The side-
chain charged group centroids are 3.75 A apart.
The angle between the vectors that join the C*
atoms and the side-chain charged group centroids
in Glu29 and Lys33 is 155.5°. A strong hydrogen
bond is formed between the O°! atom of Glu29
and the N® atom of Lys33. This indicates that the
salt bridge has a reasonably good geometry and
the electrostatic interaction between the charged
groups of the side-chains is strong enough. How-
ever, this interaction is screened by the solvent.
The salt bridge has only a minimal electrostatic
interaction with the charges in the rest of the
protein. The association energy, AAG, g .00 IS
—4.1 kcal/mol, which is very close to AAG,,.

Conclusions

Salt bridges can be stabilizing or destabilizing to
the protein structure depending on their geometry,
location in the protein, electrostatic interaction
between salt-bridging side-chains with each other,
and that between the salt bridge and its surround-
ings. Most of the salt bridges in our dataset are sta-
bilizing, irrespective of whether they are buried or
exposed, isolated or networked, hydrogen bonded
or not. For most salt bridges, the desolvation cost
for bridge formation is paid off primarily by the
electrostatic interaction of the salt-bridging resi-
dues with each other. The interaction of the salt
bridge with the rest of the protein is of secondary
importance. However, in the case of the networked
salt bridges, both types of interactions have similar
magnitudes. A less polar environment of a buried
salt bridge, make it pay a higher desolvation
energy penalty. However, it also facilitates stronger
electrostatic interactions of the salt bridge side-
chains with each other and with the charges
around them.

The geometrical positioning of the interacting
side-chains in the salt bridges with respect to each
other, is a very important determinant of salt
bridge stability. Salt bridges with good geometries
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usually have better electrostatic interactions and
are more likely to be stabilizing. On the other
hand, our studies indicate that a larger proportion
of salt bridges with poor geometries will be desta-
bilizing.

The availability of a dataset of salt bridges
derived from a database of structurally and
sequence non-redundant set of monomeric pro-
teins, has enabled an examination of the sequence
separation between the salt-bridging residues. We
find that the sequential distance between two resi-
dues which form a bridge is short. This higher
occurrence of sequentially short-range over long-
range bridges suggests that salt bridge formation
is a local phenomenon, consistent with the hier-
archical model for protein folding (Baldwin &
Rose, 1999; Tsai et al., 1999).

Materials and Methods
Database composition

We have selected 222 non-equivalent salt bridges from
a set of 36 monomeric proteins. These 36 proteins are
non-homologous in sequence (sequence identity is less
than 20%) as well as in structure (determined by a
sequence order independent structure comparison tech-
nique; Tsai et al., 1996). Every protein contains at least 50
residues. The 3D structures of these proteins have been
solved to high resolution (1.6 A or better) by X-ray crys-
tallography and are available in the protein data bank
(PDB) (Bernstein et al., 1977). Furthermore, the biologi-
cally active form of each of these proteins is monomeric
as indicated by the PDB file headers and pointers to
other databases in the PDB3D browser. The PDB identity
codes of these 36 protein are 1351, 1531, 1ads, laky, lakz,
lamm, laop, larb, laru, 1bfg, 1bvd, 1cex, lcyo, 1dim,
ledg, 1fmk, 1Thmr, 1igd, 1mla, lorc, 1phc, 1ptx, 1rcf, 1rie,
1rro, 1ruv, lsmd, ltca, lyge, lyna, 2ayh, 2dri, 2end,
2eng, 2phy and 3pte.

The salt bridge dataset is divided into several cat-
egories based on geometry, location in the protein and
networking. The statistical significance of changes in the
numbers of salt bridges in these classes of the dataset is
determined by a change in proportion test (Kumar &
Bansal, 1998).

Computation of the electrostatic free energies of
salt bridges

The electrostatic contribution to free energy change
upon salt bridge formation is calculated relative to a
mutation of its salt-bridging side-chains to their hydro-
phobic isosteres. Hydrophobic isosteres are identical
with the charged residue side-chains, with the exception
that their partial atomic charges are set to zero. In each
case, all hydrogen atoms are added, the polypeptide
chains are capped, and the protonation state of all
charged residues at pH 7.0 are defined using the BIOPO-
LYMER module of INSIGHTII release 98.0 from Molecu-
lar Simulations, Inc. Continuum electrostatic calculations
are performed with the DELPHI package developed by
Honig and co-workers (Gilson ef al., 1985, 1988; Gilson &
Honig, 1987, 1988; Sharp & Honig, 1990; Honig et al.,
1993) under INSIGHTII release 98.0. The PARSE3 set of
partial atomic charges and atomic radii (Sitkoff et al.,
1994) is used. The PARSE3 set allows reproduction of

the experimental data for a wide range of small organic
molecules and ions, representing side-chains of amino
acids (Radzicka & Wolfenden, 1988). Recently, Hendsch
et al. (1998) have compared the parameter dependence of
continuum electrostatic calculations. They concluded
that the CHARMM and PARSE parameter sets yield
similar results. Our calculations are in good agreement
with those by Hendsch & Tidor (1994). On a randomly
selected sample of five salt bridges from their data
set, we found excellent correlations for all the energy
terms, namely, AAGg, (linear correlation coefficient,
r=0.891), AAG,y (r=0973), AAG,, (r=0.994) and
AAG,, (r=0.744), between our results and those
reported by Hendsch & Tidor (1994).

The solvent probe radius used to define the molecular
surface is 1.4 A. The dielectric constant of the solute (the
protein molecule) is 4.0 and that of the solvent is 80.0.
The ionic strength is 0.0 M, since the current implemen-
tation of DELPHI correctly computes the reaction field
energies only at zero ionic strength (DELPHI manual).
Reaction field energy yields an accurate estimate of the
electrostatic solvation energy (DELPHI manual). There is
no appreciable effect of the ionic strength on the final
values (Hendsch & Tidor, 1994). The Poisson equation is
solved using the iterative finite difference method
(Gilson ef al., 1988; Gilson & Honig, 1988; Shaorp &
Honig, 1990) on a 3D grid with a step of 0.833 A per
grid point, with an energy convergence criterion of
1x 107 kT (kT are the units of energy in DELPHI
outputs, k is Boltzmann’s constant and T is absolute
temperature).

In each calculation, initially the molecule occupies 25-
50 % of the grid (depending on the size of the molecule)
and the Debye-Huckel (Full Coulombic) boundary con-
ditions are applied (Klapper et al., 1986). The resulting
grid of this rough calculation is used as a boundary con-
dition for a focused calculation in which the molecule
occupies 95 % of the grid. The results of the focused cal-
culations are presented here. DELPHI outputs the energy
values in units of kT, where k is the Boltzmann constant
and T is absolute temperature. These values are multi-
plied by a conversion factor of 0.592 to obtain the results
in units of kilo calories per mol (kcal/mol) at room tem-
perature (25°C).
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